Effects of planting depth on emergence, growth, development and yield of turmeric (Curcuma longa L.) in dark red soil (Shimajiri Mahji) were evaluated in Okinawa, Japan. Turmeric planted at the depths of 8, 12 and 16 cm emerged earlier and more evenly than that planted at a shallower depth in both glasshouse and field experiments.
and turmeric rhizome used in this experiment were the same as those used in the glasshouse experiment.
The experiment consisted of 3 planting depths (4, 8 and 12 cm) with 4 replications (4 ridges). Fifty-six turmeric rhizomes (each 30 g) were planted manually in two rows in each ridge maintaining a 30 cm distance.
Chemical fertilizer (N : P2O5 : K2O =16:9:9) at 370 kg ha"1 was applied 3 times at 60-day intervals from 70 DAP. Overhead irrigation was done immediately after turmeric planting and fertilizer application. The major weed species in the field were Panicum repens, Bidens pilosa, Cyperus rotundas, Paspalum urvillei and Amaranthus viridis.
Hand hoeing was done 3 times for weed management at 45-day intervals from 50 DAP.
Field experiment in 2001
This experiment was conducted from 1 April to 2 December, 2001 on the same field used for previous experiment. The field left uncultivated in previous sea son (April, 2000 to January, 2001 was plowed properly, and 4 m-long ridges were prepared according to a previous field experiment.
Turmeric was planted at the depths of 4, 8, 12 and 16 cm with 3 replications (3 ridges). A total of 28 turmeric rhizomes (each 30 g) were planted manually in two rows in each ridge maintaining a 30 cm distance. Ferti lizer and agronomic practices, and major weed flora were similar to those in the field experiments in the previous years. Hand hoeing was done 3 times for weed manage ment at 30-day intervals from 60 DAP. 
Results and Discussion

Effect of planting depth on emergence
Turmeric planted at depths of 8, 12 and 16 cm com pleted emergence earlier by 5 days in the glasshouse and by 10-14 days in field experiments as compared with that planted at a 4 cm depth ( Fig. 1 ). Emergence of plant seeds and propagules is usually delayed with increasing planting depth (Hossain, 1999) . Similarly, Watanabe et al. (2002) reported that, in apple, seed size limits the planting depth which allows seedling emergence in soil. However, this did not apply to tur meric, probably due to the bigger propagule size. Tur meric emerged evenly and earlier when planted at 8, 12 and 16 cm depths, because the soil layer from 6 to 15 cm usually contains a higher soil moisture than the surface 5 cm soil layer in Shimajiri Mahji (data not published, Laboratory of Irrigation and Water Management, Uni versity of the Ryukyus), which might influence rhi zomes to emerge properly (Fig. 1 ). The soil moisture in the upper 5 cm layer may be insufficient for emergence seedling from a bigger propagule (30 g). Accordingly, Ghorbani et al. (1999) reported that the germination rate of Amaranthus retrojlexus increased with increasing water potential. Other investigators reported that the seed-soil conditions in seeding depth, soil-seed contact and soil moisture affected the emergence of rice (Haque et al., 1991; Jaggi and Bisen, 1986) . The present study indicated that planting depth of a 4 cm was insufficient for good soil-seed (rhizome) contact for better seedling emergence from a big propagule (30 g) of turmeric.
Earlier emergence of crops might suppress weed growth and increase yield.
Turmeric planted on 1 April, 2001 required a longer Ishimine et al. -) and 120-140 DAP was significantly lower in the plots where turmeric was planted at 8, 12 and 16 cm depths than where planted at a 4 cm depth (Table 1) . Because earlier and evenly emerged turmeric had a higher leaf area (canopy structure), it covered the field earlier and reduced weeds ( Fig. 1, 3 , 4, Table 1 , 2). This study indicated that crop planting patterns could not reduce emergence and biomass of weeds before the canopy structure established. Similarly, Tharp and Kells (2001) reported that a higher corn population did not initially affect emergence and biomass of common lambsquarters, but did later because it developed a canopy struc ture earlier than a lower corn population in the field. A delay in turmeric emergence may permit weed to become well established in the field with turmeric planted at a depth of 4 cm. Early weed establishment probably reduced nutrient and soil moisture, which would ulti mately decrease yield of turmeric in the field where it was planted at a 4 cm depth. Similar results have been repor ted in different crop fields by others (Ivany, 1997; Tanji et al., 1997) . Weed infestation was similar in the fields of turmeric planted at 8, 12 and 16 cm depths due to the similar turmeric growth.
Plant length, and number of shoots and leaves were not significantly influenced by the planting depths in the glasshouse experiment (data not presented), but in field experiments, these parameters were significantly higher when the planting depth was 8, 12 or 16 cm than 4 cm ( (Hossain, 1999) . A larger leaf area usually receives a higher solar energy for photosynthetic processes that ultimately increases crop yield (Buah et al., 2000; Kawamoto et ai., 1988) .
Shoot dry weight of turmeric at final harvest was significantly higher when planted at the depths of 4, 8
and 12 cm in a glasshouse, and 8, 12 and 16 cm in fields than planted at a shallower depth (Table 3 ). In field experiments, shoot dry weight recorded on 105 DAP increased with increasing planting depth (Table 3) , because earlier seedling emergence increased plant length, and dry weight of shoots and leaves (Hossain, 1999 Shoot dry weight (g plant"'", gm"2) Field-1999 Field- -2000 Yield(gplant"1', gm"2) Field-1999 Field- -2000 optimum shoot dry weight. However, shoot dry weight usually contributes to higher turmeric yield (Akamine et al., 1995 , Hossain et alM 2000 .
Turmeric rhizomes (yield) developed earlier in the fields where they were planted at the depths of 8, 12 and 16 cm than where they were planted at a 4 cm depth due to the earlier emergence and establishment of plants.
About 30% of turmeric plants were completely uprooted in the fields where they were planted at a depth of 4 cm by a strong typhoon occurring in September, because of smaller root distribution in the soil. Turmeric shoots planted in a deeper soil layer were injured by a typhoon but not uprooted, and they recovered earlier.
Turmeric yield was significantly higher when the rhi zomes were planted at a depth of 4, 8 and 12 cm in a glasshouse, and at a depth of 8 and 12 cm in fields, than when planted at a shallower depth (Table 3) . Turmeric planted at a 16 cm depth showed a slightly lower yield than that planted at 8 and 12 cm, and it was compara tively difficult to harvest rhizomes, probably due to the higher compactness or bulk density in deeper soil (Akio and Ishihara, 1985) . Early emergence and establish ment, and bigger shoots of turmeric plants were respon sible for the higher yield in the fields where they were planted at 8, 12 and 16 cm depths than at a 4 cm depth.
Similar results have been reported in sugarcane fields (Hossain, 1999) . In a glasshouse study, the turmeric shoot base was longer the deeper the planting depth, and more rhizomes were produced. Soil was well prepared and water was applied regularly in the glasshouse experiment, but in fields soil characteris tics mostly depended on natural rainfall.
We concluded that turmeric plants planted at depths of 8, 12 and 16 cm emerged more evenly and earlier than those planted at a shallower depth, which ultimately reduced weed biomass. Weed control-efficiency was nearly the same at the planting depths of 8, 12 and 16 cm. Turmeric rhizomes (yield) developed earlier when they were planted at 8, 12 and 16 cm depths than at 4 cm. Shoot dry weight was significantly higher when the rhizomes were planted at 4, 8 and 12 cm depths in the glasshouse experiment, and at 8, 12 and 16 cm depths in the field experiments. Yield was the highest when rhi zomes were planted at the depth of 8 cm followed by 12 cm in the glasshouse experiment, while it was the highest at the depth of 12 cm followed by 8 cm in the field experiments. Even though shoot dry weight and yield of turmeric planted at a 16 cm depth were almost similar to those of turmeric planted at 8 and 12 cm depths, and markedly higher than those of turmeric planted at 4 cm, turmeric planted at a 16 cm depth was difficult to harvest rhizomes in this field. Recovery from injury caused by a typhoon was observed in the fields with a planting depth of 8, 12 and 16 cm. About 30% of tur meric planted at a 4 cm depth was uprooted by a typhoon. This study indicated that turmeric should be planted at the depth of 8 to 12 cm for higher yield and lower weed competition in dark red soil (Shimajiri Mahji) in Okinawa.
